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Abstract 
Members of the Pseudomonas genus are known for their ability to produce multiple secondary 
metabolites, including bioactive metabolites, such as antibiotics. Pseudomonas chlororaphis 
subsp. aurantiaca DSM 19603 is a non-pathogenic bacterium widely used as plant growth-
promoting rhizobacteria that has been reported to be able to produce three products of interest, 
namely, antibiotics (phenazines) and two biopolymers, medium-chain-length 
polyhydroxyalkanoates (mcl-PHA) and exopolysaccharides (EPS).  
Phenazines are heterocyclic nitrogenous compounds that can act as antibiotic, antiparasitic or 
even anticancer agents. PHAs are a class of biobased and biodegradable polymers that 
depending on their composition and specific properties shows potential application on areas from 
thermoplastics to elastomers. EPS are a group of natural polymers mainly composed by sugars 
that due to their variety of physical and structural properties have many applications in industries 
such as food, pharmaceutical and cosmetics. This biopolymer could also be a good ally in 
bioremediation.  
The main objective of this study was to develop and optimize the bioprocess for phenazines and 
biopolymers (mcl-PHA and EPS) co-production by Pseudomonas chlororaphis using glycerol as 
carbon source. Different nutrient (nitrogen and carbon) concentrations, pH control with NH4OH 
and other conditions were tested in order to obtain higher productivities of all mentioned products. 
The study showed that the same fermentation conditions (standard nutrients concentration and 
pH control with NH4OH) enabled to achieve the best product concentrations, namely, a significant 
amount of phenazines (6.05 OD365nm), an EPS concentration of 3.8 g/L and a mcl-PHA 
concentration of 8.43 g/L. According to literature, this mcl-PHA concentration is the highest 
achieved in P. chlororaphis fermentations. Further, carbon and nitrogen concentrations in culture 
medium seems to impact the mcl-PHA composition, which could guarantee different properties to 
this polymer. 
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Pseudomonas chlororaphis; co-production; Phenazines; Medium-chain-length 
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Resumo 
Membros do género Pseudomonas são conhecidos pela sua capacidade de produzir múltiplos 
metabolitos secundários, incluindo metabolitos bioativos, como antibióticos. Pseudomonas 
chlororaphis é uma bactéria não patogénica amplamente utilizada como rizobactéria promotora 
de crescimento de plantas, que pode produzir três produtos de interesse: antibióticos (fenazinas) 
e dois biopolímeros, polihidroxialcanoatos de cadeia média (mcl-PHA) e exopolissacarídos 
(EPS).  
As fenazinas são compostos azotados heterocíclicos que podem atuar como antibióticos, 
antiparasitantes ou mesmo anticancerígenos. Os PHAs são uma classe de polímeros 
biodegradáveis de base biológica que, dependendo da sua composição e propriedades 
específicas, mostram potencial de aplicação em áreas dos termoplásticos aos elastómeros. Os 
EPS são um grupo de polímeros naturais compostos principalmente por açúcares que, devido à 
sua variedade de propriedades físicas e estruturais, têm muitas aplicações em indústrias como 
a alimentar, farmacêutica e cosmética. Este biopolímero também pode ser um bom aliado na 
área da biorremediação. 
Este trabalho teve como principal objetivo desenvolver e otimizar o bioprocesso para coprodução 
de fenazinas e biopolímeros (mcl-PHA e EPS) por Pseudomonas chlororaphis subsp. aurantiaca 
DSM 19603 usando glicerol como fonte de carbono. Diferentes concentrações de nutrientes 
(azoto e carbono), controlo do pH com NH4OH e outras condições foram testadas para se obter 
maiores produtividades de todos os produtos mencionados. 
O estudo mostrou que, com as mesmas condições de fermentação (concentrações padrão de 
nutrientes e controle de pH com NH4OH), foram alcançadas as melhores concentrações dos 
diferentes produtos, ou seja, uma quantidade significativa de fenazinas (6.05 OD365nm), uma 
concentração de EPS de 3.8 g/L e uma concentração de mcl-PHA de 8.43 g/L. De acordo com a 
literatura existente, esta concentração de mcl-PHA é mais alta do que qualquer outra obtida em 
fermentações que também usaram estirpes de P. chlororaphis. As concentrações de carbono e 
azoto no meio de cultura influenciam a composição de mcl-PHA, o que poderia garantir 
propriedades diferentes a este polímero. 
 
 
Palavras chave 
Pseudomonas chlororaphis; coprodução; Fenazinas; Polihidroxialcanoatos de cadeia média; 
Exopolissacarídos; Biorreatores. 
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1.1. Pseudomonas chlororaphis 
Because of its abundance in the environment, Pseudomonas genus was first characterized long 
ago, and over the past hundred years, it has gone through many taxonomic revisions. Bacteria 
belonging to this genus are aerobic gram-negative rods that are found in biofilms or in planktonic 
forms. Pseudomonad bacteria could be further divided into subgroups due to its considerable 
heterogeneity based on pathogenicity or pigment production. Microorganisms of this genus 
inhabitants a range of environments including soil and water environments, in addition to plant 
and animal associations. Since they exhibit a vast metabolic versatility, these bacteria are known 
for their medical and biotechnological importance (Özen and Ussery, 2011). 
One of the bacteria belonging to this genus is Pseudomonas chlororaphis (Anzai et al., 2000). 
This bacterium exhibits the capacity to produce several metabolites and products that are 
recognised as value-added products. Hydrogen cyanide, siderophores and phenazines are some 
of these metabolites associated to this bacterium (Nandi et al., 2015; Hohlneicher et al., 1995; 
Mavrodi et al. 2006). In 2007, Kasana et al. identify a strain of P. chlororaphis capable of 
transforming isoeugenol to vanillin. Besides these compounds, some strains of these bacteria 
also show ability to produce two kind of biopolymers, medium-chain-length polyhydroxyalkanoate 
(mcl-PHA) and exopolysaccharide (EPS) (Yun et al., 2003; Fett et al., 1996). 
A work performed by Meneses, 2017 with the bacterium Pseudomonas chlororaphis subsp. 
aurantiaca DSM 19603 shows the potential of this strain to achieve a co-production of three 
products: phenazines, mcl-PHA and EPS. 
 
 
 
1.1.1. Phenazines 
Phenazines are heterocyclic nitrogen-containing compounds (Figure 1.1) produced by many 
bacterial species. These compounds show extraordinary potential due their physicochemical 
properties as redox potential and their bright pigmentation, which changes with pH and redox stat. 
Biochemical and structural studies demonstrate that several phenazine enzymes convert 
chorismic acid to phenazine-1,6-dicarboxylic acid (PDC) and phenazine-1-carboxylic acid (PCA). 
PDC and PCA then act as ‘‘core’’ phenazine that strain-specific enzymes convert to over 150 
phenazine derivatives that have been isolated from natural sources. These compounds are 
coloured aromatic secondary metabolites and are excreted into the environment by bacteria 
Sometimes, bacteria produce them in such large quantities that they are visible to the naked eye 
(Figure 1.1) (Chincholkar and Thomashow, 2013; Yu et al., 2018). 
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Figure 1.1 – (A) 2D phenazine structure (Pubchem.ncbi.nlm.nih.gov, 2019). (B) Agar plate containing P. 
chlororaphis: (WT) 30-84 wildtype; (O*) 30-84 2-OH-PCA overproducer; (ZN) 30-84 phenazine non-
producer; (PCA) 30-84 PCA only producer (retrieved from Yu et al., 2018). 
 
Phenazines present antifungal and antibacterial activities, being recognized as broad-spectrum 
antibiotics. Pierson and Pierson reported the ability of phenazines to eliminate the disease of 
wheat root caused by the fungus Gaeumannomyces graminis var. graminis (Pierson and Pierson, 
1996). In literature is also demonstrated the capacity of phenazines to inhibit the growth of 
Escherichia coli and other bacteria (Saosoong et al., 2009). Furthermore, it was demonstrated, 
by different authors, that phenazines also exhibit antimalarial and anticancer activity (de Andrade-
Neto et al., 2004; Imamura et al., 1997).  
These antibiotic activities influenced researchers to increase the productivity of phenazine, 
although, chemical synthesis of phenazines shows relatively low productivity, requests harsh 
reaction process and produce toxic by-products as aniline (Wohl–Aue reaction) and azobenzoate 
(Chincholkar and Thomashow, 2013). However, phenazines can be produced by bacterial 
fermentation with extra benefit. Not only natural phenazines have proven to be more effective 
biocontrol agent than synthetic ones (Nansathit et al., 2009), as they show non-cytotoxicity, so 
they can be used as effective therapeutic agent for eukaryotic organisms (Laursen and Nielsen, 
2004). Therefore, natural phenazines can be used for a wide range of biotechnological 
applications such as biocontrol agent, microbial fuel cell, antitumor agent, mineral reduction, oil 
degradation, anticandidal and food colorant (Chincholkar and Thomashow, 2013). 
In order to produce phenazines in large scale, some parameters of phenazines fermentative 
processes have been studied. One of these parameters is the percentage of dissolved oxygen 
(DO) in medium. In 2010, Li et al., reported higher yields of phenazines production with DO at 
20%. Another studied parameter is culture medium composition. Media components (e.g. sodium 
and potassium) influence the productivity of this metabolite during fermentation and suggested 
that phenazines production depending upon the nutritional conditions. Although phenazine 
production is an aged process, the impact of the nutritional composition is still not well 
documented (Pierson and Pierson, 2010; Chincholkar and Thomashow, 2013). 
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Phenazine producing bacteria are found all over nature, in association with plant and animal hosts 
that live in terrestrial, freshwater, and marine habitats. These metabolites play an important role 
in the ecosystems in which their producers and hosts live (Chincholkar and Thomashow, 2013). 
Pseudomonas genus, which have the ability to produce multiple secondary metabolites, is the 
principal phenazine producing bacteria with almost one-third of all known phenazines.  
Fluorescent pseudomonads are the best studied phenazine producer which includes 
Pseudomonas aeruginosa, Pseudomonas fluorescens and Pseudomonas chlororaphis. P. 
chlororaphis, formerly known as Pseudomonas aureofaciens (Anzai et al., 2000), in addition to 
the core phenazine PCA, produces 2-Hydroxyphenazine-1-carboxylic acid (2-OH-PCA) and 2-
Hydroxyphenazine (2-OH-PHZ) (Figure 1.2). As mentioned before, phenazines are coloured 
compounds, being that PCA presents a yellow colour, 2-OH-PCA presents an orange colour and 
2-OH-PHZ presents a brick-red colour (Mavrodi et al. 2006). 
Figure 1.2 – (1) Phenazine-1-carboxylic acid. (2) 2-Hydroxyphenazine-1-carboxylic acid. (3) 2-
Hydroxyphenazine (Beifuss et al., 2005). 
 
In Pseudomonas sp., phenazines genes (phz) expression and the consequently phenazines 
production is under control of a two-component system, namely the quorum sensing (QS) 
mechanism and a small RNAs (sRNAs) system (Pierson III et al., 1998; De Maeyer et al., 2010; 
Haas and Défago, 2005; Bourret and Silversmith, 2010). 
The sRNAs signalling is controlled by GacS sensor kinase and is highly important, because 
comprehend bacteria potential to directly sense environmental cues and then modulate the 
activities of downstream regulatory mechanisms or directly control phz expression. This occur 
when environmental conditions changes, and the phosphorylation status of the sensor protein is 
altered through binding of a small molecule or other environmental signal that activates 
conformational changes and affects activity. The phosphate group is then transported and 
activates the response regulator protein GacA. However, the cues that activates GacS have not 
been identified (Haas and Défago, 2005; Bourret and Silversmith, 2010; Chincholkar and 
Thomashow, 2013).  
In QS, bacteria release small molecule or peptide signals into the environment, which can then 
interact with bacteria of the same strain and activate the expression of genes under the control of 
this mechanism. Molecules with diverse structures have been associated to this behaviour, but 
acyl homoserine lactones (AHLs) are the most relevant for phz expression. Monitoring the 
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quantity of compounds that are QS regulated, become clear that they arise when is reached a 
minimum cell concentration. Therefore, these signals enable bacteria to sense their own 
population size and to delay the expression of some genes until a specific cell density is achieved 
(Pierson III et al., 1998; De Maeyer et al., 2010; Bauer et al., 2016). 
 
 
1.1.2. Polyhydroxyalkanoates 
Polyhydroxyalkanoates (PHAs) are polyesters of various hydroxyalkanoates (Figure 1.3) that are 
synthesized by many bacteria genera (Reddy et al., 2003), being Pseudomonas strains especially 
studied due to their potential to produce value-added compounds, such as PHAs (Mozejko-
Ciesielska et al., 2019). Bacteria synthesize PHAs inside their cells as insoluble granules that 
form a reservoir of carbon (Figure 1.3) under nutrient limitation such as oxygen, nitrogen or 
phosphorus, and they do not accumulate PHAs in their growth phase (Mozejko-Ciesielska et al., 
2019; Ward et al., 2005). Some bacteria are able to accumulate as much as 90% of their cell dry 
weigh in PHA (Mozejko-Ciesielska et al., 2019). 
        
Figure 1.3 – (A) Structure of polyhydroxyalkanoates: R represents the side chain of the monomer, n-varies 
from 1 to 4, x varies from 100 to 300 000 (Lee, 1996; Mozejko-Ciesielska et al., 2016). (B) Transmission 
electron micrograph of PHA granules (retrieved from Ward et al., 2005). 
 
These polyesters are biocompatibility, bio-based and biodegradable, and can present a wide 
range of physical and mechanical properties depending on their chemical composition. Further, 
they are stable in air, inert, resistant to moisture, water insoluble and can be completely degraded 
by the microorganisms present in soil, sea, lake water and sewage (Anjum et al., 2016; Jacquel 
et al., 2007).  
According to “Report European Bioplastics, 2018”, PHAs are considered innovative biopolymers, 
with a growth in the field of bio-based and biodegradable plastics market. In 2018, PHAs 
represented 1.4 % of the global 2.11 million tonnes of bioplastics produced.  It is estimated that 
the production capacity can quadruple in the next five years. 
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This biopolymer can be produced by mixed or single microbial cultures. Use mixed microbial 
culture (MMC) make the process economically more attractive, since they do not require the need 
to work under sterile conditions and improve the use of carbon sources like industrial wastes 
(Agustín Martinez et al., 2015; Serafim et al., 2008).  PHA content accumulated by MMC is usually 
less than 20% and to increase the bacterial PHA content there is a cellular growth phase followed 
by a PHA accumulation phase. PHA production by MMC is usually a two or three-stage process 
depending on the type of substrate used as feedstock (Serafim et al., 2008), which represents a 
disadvantage when compared to single cultures on which the whole process is performed in one 
reactor. Another disadvantage of using MMC is that this strategy only allows to produce scl-PHA, 
for example poly(3-hydroxybutyrate) (P(3HB)) and poly(3-hydroxyvalerate) (P(3HV)) (Serafim et 
al., 2008; Moita and Lemos, 2010). 
Production with single cultures usually have better productivity and higher PHA content - as it has 
been referred, about 90% of cellular dry weight (Reddy et al., 2003; Mozejko-Ciesielska et al., 
2019). The produced polymer is a simple, well-defined polymer, since there is only one type of 
bacteria producing it and single cultures can produce an enormous variety of PHA ranging from 
scl-PHA to mcl-PHA (Cruz et al., 2016). The need to use pure carbon sources has been overcome 
since carbon-rich wastes have successfully used for PHA production by single cultures (Cruz et 
al., 2015, 2016). The major disadvantage of using single cultures is that this strategy demand 
sterile conditions, in order to guarantee the absence of contaminations and the existence of only 
one bacteria strain in culture (Agustín Martinez et al., 2015). 
Depending on the number of carbon atoms in the monomer units, these polyesters can be divided 
into two groups: short-chain-length polyhydroxyalkanoates (scl-PHAs) and medium-chain-length 
polyhydroxyalkanoates (mcl-PHAs). Scl-PHAs contain from 3 to 5 carbon atoms in each monomer 
units and mcl-PHAs contain from 6 to 14 carbon atoms in each unit (Mozejko-Ciesielska et al., 
2019). These polymers can also be classified as homopolymers, when composed by one 
monomer, or heteropolymers when composed by two or more monomers. Poly(3-
hydroxyhexanoate) (P(3HHx)) and poly(3-hydroxyoctanoate) (P(3HO)) are examples of 
homopolymers, and the copolymer  P(3HHx-co-3HO) is an example of a heteropolymer. The 
produced monomers depend on the bacterial strain, the carbon source and PHA synthases 
substrate specificity (Anjum et al., 2016). The nomenclature and carbon number for PHA 
compounds is determined by the R group of the monomer (Table 1.1) (Lee, 1996; Tan et al., 
2014). 
The composition and quantity of PHA polymer can be determined by gas chromatography after 
methanolysis (Lee, 1996). These different types of polymers with differences in monomers 
content can be produced depending on selected bacteria species, fermentation process, growth 
and nutrient conditions (Keshavarz et al., 2010).  
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Table 1.1 – PHA monomers produced by bacteria (Tan et al., 2014). 
R group Carbon number PHA polymer Abbreviation 
methyl C4 Poly(3-hydroxybutyrate) P3HB 
ethyl C5 Poly(3-hydroxyvalerate) P3HV 
propyl C6 Poly(3-hydroxyhexanoate) P3HHx 
butyl C7 Poly(3-hydroxyheptanoate) P3HH 
pentyl C8 Poly(3-hydroxyoctanoate) P3HO 
hexyl C9 Poly(3-hydroxynonanoate) P3HN 
heptyl C10 Poly(3-hydroxydecanoate) P3HD 
octyl C11 Poly(3-hydroxyundecanoate) P3HUD 
nonyl C12 Poly(3-hydroxydodecanoate) P3HDd 
decyl C13 Poly(3-hydroxytridecanoate) P3HTriD 
undecyl C14 Poly(3-hydroxytetradecanoate) P3HTd 
dodecyl C15 Poly(3-hydroxypentadecanoate) P3HPD 
tridecyl C16 Poly(3-hydroxyhexadecanoate) P3HHxD 
 
As mentioned before, these biopolymers can present different properties depending on their 
chemical composition. Therefore, scl-PHAs are rigid, brittle and possess a high degree of 
crystallinity in the range of 60–80%, while mcl-PHAs are flexible and elastic materials with low 
crystallinity (25%), low tensile strength, high elongation to break and low melting temperatures. 
These characteristics make them much more elastic and flexible materials and provide them a 
larger variety of applications as glues, rubbers or adhesives (Anjum et al., 2016; Mozejko-
Ciesielska et al., 2019). 
 
 
1.1.2.1. Medium-chain-length PHAs 
Pseudomonas putida, formerly known as Pseudomonas oleovorans, was the first mcl-PHA 
producer strain to be discovered and has been widely investigated. Other Pseudomonas strains 
such as P. aeruginosa, P. marginalis or P. chlororaphis are also known to be mcl-PHA producers 
(Sun et al., 2007; Tan et al., 2014; Pereira et al., 2019). 
Several substrates had already been tested for mcl-PHA fermentation processes. Some of them 
are methanol, octane, nonanoic acid, glucose, fructose and glycerol. Most of them are efficient 
carbon sources for mcl-PHA synthesis, being possible to achieve 75% of cell dry weigh in PHA 
(Lee, 1996; Sun et al., 2007; Tan et al., 2014). However, some of those substrates presents low 
solubility in water and some are toxic to bacteria at quite low concentrations (Sun et al., 2007). In 
1991, Ramsay et al., reported that the growth of P. putida GPo1 was inhibited with an octane 
concentration of 4.65 g/L. Sugars, like glucose and fructose, are effective carbon sources for use 
in mcl-PHA fermentation processes but their high price represents most of the costs for the PHA 
production. Consequently, the use of wastes or by-products as carbon sources (e.g. crude 
glycerol from biodiesel production), could reduce PHA production costs (Cruz et al., 2016). 
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1.1.3. (Exo)Polysaccharide 
Polysaccharides are the main group of natural polymers in the world. They are high molecular 
weight polymeric biomaterials with a large structural diversity, are obtained from plants, algae, 
animals and could also be produced by bacteria (Elnashar, 2011). 
The polysaccharide production by microorganisms  ensure higher growth rates and high yields of 
one specific polymer. Moreover, by changing the cultivation conditions it is possible to achieve 
higher growth rates and productivities (Sutherland, 2009). Additionally, microbial production is not 
dependent on climate changes or seasonality (Cruz et al., 2011).  
Microbial polysaccharides can be divided into intracellular (e.g. glycogen), structural cell wall 
components (e.g. chitin) and extracellular polysaccharides. Extracellular polysaccharides or 
exopolysaccharides (EPS) are polymers secreted by the cells, either as a capsule firmly attached 
to the bacterial cell surface, or may be observed as a free slime secreted by the microorganisms 
that is loosely bound to the cell (e.g. xanthan, gellan, hyaluronic acid) (Kumar et al., 2007; Rehm, 
2010). On solid surfaces and exposed to aqueous environments, bacterial growth is seen as 
biofilms, in which the microbial cells are associated with large amounts of EPS. These aqueous 
environments can be fresh water and salty oceans, or even the simple moisture of a human or 
animal body (Sutherland, 2009). This capacity of creating stable biofilms controlled by EPS 
(Figure 1.4), give them some self-protection in case of predation, effects of antibiotics, 
antimicrobial substances and antibodies, when under stress.  Moreover, helps the adherence to 
other bacteria, animal cells and plant tissue (Vijayendra and Shamala, 2013; Ates, 2015). 
The biosynthesis of most exopolysaccharides closely resembles the process by which the 
bacterial wall polymers peptidoglycan and lipopolysaccharide are formed. Indeed, the three types 
of macromolecule share the characteristic of being formed by carbohydrates and associated 
monomers, being synthesised at the cell membrane and exported to final sites external to the 
cytoplasmic membrane. Formation of the precursors for polysaccharide synthesis occurs inside 
the cytoplasm. This is probably a need to ensure that are easily available, as in many cases they 
are utilised for several different polymer-synthesising systems. As they are freely soluble in the 
cytoplasm, they can quickly guide to the appropriate biosynthetic process occurring inside of the 
cytoplasmic membrane (Sutherland, 2009). 
EPS is produced by microorganisms under many different stress conditions, being affected by 
physical and chemical factors. The most important physical parameters are temperature, 
aeration, agitation and fermentation period, while the vital chemical factors are media 
composition, carbon and nitrogen source and concentration, trace elements, pH and dissolved 
oxygen (Ates, 2015). 
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These polymers are composed of monomers such as neutral sugars and/or acidic or amino 
sugars (e.g. N-acetyl-D-glucosamine and N-acetyl-D-galactosamine), commonly containing non-
sugar components, such as acyl groups (e.g. acetyl, pyruvil, succinyl). The most common sugar 
residues in EPS structures are glucose and galactose. However, certain EPS have an increased 
value due to their content in some rare sugars (e.g. fucose), which occur rarely in Nature (Torres 
et al., 2011; Sutherland, 2009). 
Figure 1.4 – Appearance of two polysaccharide-producing pseudomonads (retrieved from Sutherland, 
2009). 
 
If the monomers of sugar that constitute the polymer are only of one kind, this EPS will be 
classified as a homopolysaccharide. In other hand, if the polymer presents two to four different 
monosaccharides, it is classified as a heteropolysaccharide. In these last-mentioned biopolymers, 
the different monosaccharides are usually arranged into a repeating unit constituted by ten or less 
monomers (Finore et al., 2014). There some exceptions, such as alginate that has no defined 
repeating unit, with the number of monomers and their sequential distribution varies along the 
polymer chain and depends on the source of the alginate (Sutherland, 2009).  
In batch culture, the molecules are probably polydisperse and the range of molecular mass 
obtained, may depend to a large extent on the microbial species under study. Many bacterial have 
been reported as being capable of producing EPS, which are usually characterized by having 
high diversity in terms of chemical structure, and composition (e.g. alginate, dextran and xanthan) 
(Sutherland, 2009). Due to variety of physical and structural properties, EPSs have many 
applications in food, pharmaceutical, cosmetics, paints, explosives, paper and oil industries, and 
can be used as structuring, gelling, stabilizing, binding, emulsifying or flocculating agents (Cruz 
et al., 2011). 
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1.2. Motivation 
“Natural products” is a designation that comprise a lot of chemical compounds derived and 
isolated from biological sources. These compounds produced by living beings are used in 
medicine, agriculture, cosmetics, food, etc, from earliest to modern societies and cultures around 
the world. Therefore, the capability to access/produce natural products and understand their 
values and applications has been a major priority in the field of natural product research.  
Since mankind and their societies are greatly increasing, Biotechnology and other scientific fields 
are challenged with the development of sustainable systems able to produce natural products. 
Therefore, systems capable of substitute outdated processes and products are continuously 
growing. Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 fermentation could be an 
example of an alternative to produce three interesting compounds, since it seems capable of co-
produce three products with high value: phenazines, mcl-PHA and EPS. Consequently, the 
purpose of this work study was to achieve the highest yields and productivities for of each product 
in a single fermentation. 
After performing a bioreactor with standard conditions, it was confirmed the potential of 
Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 to produce the antibiotics and 
biopolymers mentioned before. Therefore, the next step was test and evaluate the best 
concentrations of nitrogen and glycerol (carbon source) to achieve higher cellular growth, and 
consequently higher quantity of phenazines. With the best concentrations of these nutrients 
defined, the last and longer step was to perform several bioreactors with different operational 
conditions, selecting the one that exhibit the highest concentrations, yields and productivities for 
all products. The changed parameters were cultivation mode, feeding strategy, dissolved oxygen 
concentration and base for pH control. 
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2.1 Bacterial strain and culture media 
The bacterial strain used in this work was Pseudomonas chlororaphis subsp. aurantiaca DSM 
19603, cryopreserved in 20% (v/v) glycerol at -80 °C. 
Lysogeny broth (LB) medium: tryptone, 10.0 g/L; yeast extract, 5.0 g/L; NaCl, 10.0 g/L. 
Medium E*: K2HPO4, 5.8 g/L; KH2PO4, 3.7 g/L; (NH4)2HPO4, 3.3 g/L; 10 mL/L of MgSO4, 10 mL/L 
of mineral solution diluted (1:10) containing FeSO4.7H2O, 2.78 g/L; MnCl2.4H2O, 1.98 g/L; 
CoSO4.7H2O, 2.81 g/L; CaCl2.2H2O, 1.67 g/L; CuCl2.2H2O 0,17 g/L; ZnSO4.7H2O, 0.29 g/L.  
Glycerol (99% w/w, Scharlau) was used as substrate, at initial concentrations of 40 g/L.  
Medium E*, MgSO4 solution, mineral solution and glycerol were autoclaved separately, at 121 °C 
for 20 minutes, and mixed after cooling down to avoid salts precipitation. 
 
2.2 Inoculum preparation 
Inoculum were prepared by adding 2 mL of the cryopreserved sample (stored at -80 °C) to 200 
mL of LB medium, in a 500 mL baffled shake flask. The baffled shake flask was incubated in an 
orbital shaker for 24 hours, at 30 °C and 200 rpm. 
 
2.3 Effect of nitrogen and carbon concentration 
Baffled shake flasks cultivations were performed with a working volume of 500 mL.  
Nitrogen-concentration test was performed with 200 mL of medium E*, with different 
concentrations of (NH4)2HPO4, supplemented with glycerol at concentration of 40 g/L. The 
(NH4)2HPO4 concentrations tested were: 3.3 g/L; 6.6 g/L; 9.9 g/L; 13.2 g/L; 16.5 g/L; 19.8 g/L; 
23.1 g/L; 26.4 g/L, corresponding to the following nitrogen concentrations: 0.7 g/L; 1.4 g/L; 2.1 
g/L; 2.8 g/L; 3.5 g/L; 4.2 g/L; 4.9 g/L; 5.6 g/L, respectively. 
Glycerol-concentration test was performed with 200 mL of medium E*, with 16.5 g/L concentration 
of (NH4)2HPO4, supplemented with different concentrations of glycerol. The concentration values 
of glycerol tested were: 40 g/L; 60 g/L; 80 g/L; 100 g/L. 
For all assays, the temperature and agitation were kept at 30 °C and 200 rpm, respectively, in an 
incubator shaker. The assays run for 66-67h and culture broth samples were taken three times a 
day for quantification of cell dry weight, phenazines, PHA, ammonia and glycerol. The samples 
(2 mL) taken periodically were centrifuged (10000 rpm, 20 min, 4 °C; Sigma 4-16KS), the cell-
16 
 
free supernatant was stored at -20 ºC for phenazines, EPS, ammonia and glycerol quantification, 
and the pellet was lyophilized for biomass and mcl-PHA quantification. 
 
2.4 Bioreactor Fermentations 
P. chlororaphis cultivations were performed in a bioreactor (BioStat®B-Plus, Sartorius) with a 
working volume of 2 L. Runs were initiated with 1.8 L of Medium E* supplemented with glycerol 
at a concentration of 40 g/L. The temperature and the pH were controlled at 30 ± 0.1 ˚C and 7.0 
± 0.1, respectively. The pH was controlled by the automatic addition of NaOH 5M or NH4OH (25%, 
v/v), and 2 M HCl solutions. A constant aeration rate of 2 SLPM (standard liters per minute) was 
kept during all experiments. The dissolved oxygen concentration (DO) was controlled at 30% of 
air saturation by automatically adjusting the stirring speed between 300 and 900 rpm. Foam 
formation was automatically suppressed by addition of Antifoam A (Sigma/VWR). Samples were 
periodically taken from the bioreactor for quantification of cell dry weight, phenazines, PHA, 
ammonia and glycerol. Culture broth samples (15 mL) taken periodically during the cultivation 
runs were centrifuged (10000 rpm, 20 min, 4 °C; Sigma 4-16KS), the cell-free supernatant was 
stored at -20 ºC for phenazines, EPS, ammonia and glycerol quantification, and the pellet was 
lyophilized for biomass and mcl-PHA quantification. 
 
2.4.1 Fed-batch Fermentations 
Several runs with different strategies were performed in fed-batch fermentation. All conditions of 
these strategies are described in table 2.1. The remaining conditions of the cited assays were 
performed as described in section 2.4. 
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Table 2.1 – Different conditions of all fed-batch assays performed in this study. 
 
 
 
2.4.2 Batch Fermentation 
In this run the initial glycerol and (NH4)2HPO4 concentrations were 40 g/L and 8.25 g/L, 
respectively. The pH was controlled with NH4OH (25%, v/v) and 2 M HCl solutions. The remaining 
conditions of the assay were performed as described in section 2.4. 
 
2.5 Analytical techniques 
2.5.1 Cellular growth 
Cellular growth was monitored during all trials by measuring the optical density of the cultivation 
broth at 600 nm (OD600nm), according to Helou et al., 2013. Samples were diluted with deionised 
water whenever necessary, in order to have the OD600nm value below 0.250. Deionised water was 
used as zero reference and all measurements were done in duplicate. 
 
Strategy 
(NH4)2HPO4 
(g/L) 
Initial 
glycerol (g/L) 
Glycerol 
pulse (g/L) 
pH control base DO control 
Standard 3.3 40 40 NaOH 5M Stirring 
5-fold N 16.5 40 30 NH4OH (25%, v/v) Stirring 
DO-glycerol 16.5 40 - NH4OH (25%, v/v) 
Stirring (0-14h) 
Glycerol addition 
(14-47h) 
DO-20 16.5 40 30 NH4OH (25%, v/v) 
20% 
(Stirring 250-700 
1.7 SLPM) 
NH4OH-base 3.3 40 40 NH4OH (25%, v/v) Stirring 
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2.5.2 Biomass Quantification 
The cell dry weight (CDW), dry weight of the cells per litre of fermentation broth, was determined 
by gravimetry, according to Wang et al., 2012, with slight modifications. The cell pellets, obtained 
as described above, were washed once by resuspension in deionised water (5 mL) and 
centrifuged again (10000 rpm, 20 min, 4 °C; Sigma 4-16KS). The washed cell pellets were frozen 
in liquid nitrogen and lyophilized for 48 hours at -108 °C. The CDW was obtained by weighing the 
lyophilized cell pellets. The analysis was done in duplicate. 
 
2.5.3 Phenazines quantification 
Phenazines produced over the cultivation time were measured by spectrophotometry, according 
to Bauer et al., 2016, with slight modifications. 2 mL of cell-free supernatant diluted in deionised 
water, in a 1:20 ratio, were acidified with 0.2 mL of HCl (1 N) and phenazines were extracted with 
2 mL of chloroform. Scans (Appendix 1) were performed in several samples at wavelengths 
between 190 and 400 nm (quartz cuvette), and absorbance were measured at 365 nm (glass 
cuvette) in a UV/vis spectrophotometer (INSIGHT™2 Software Scan, Thermo Scientific Evolution 
201 UV-Visible Spectrophotometers). 
 
2.5.4 Ammonium Quantification 
Ammonium concentration was determined by colorimetry, using a flow segmented analyser 
(Skalar 5100, Skalar Analytical, The Netherlands), according to Carvalho et al., 2007. Ammonium 
chloride (Sigma) was used as standard at concentrations between of 5 and 20 mg/L. The cell-
free supernatant was diluted in deionized water to achieve an ammonium concentration lower 
than 20 ppm. 
 
2.5.5 Glycerol Quantification 
Determination of glycerol concentration was made by high performance liquid chromatography 
(HPLC) with a VARIAN Metacarb 87H column coupled to an infrared (IR) detector, according to 
Torres et al., 2011. The analysis was performed at 50 °C using H2SO4, 0.01 N, as eluent with a 
flow rate of 0.6 mL/min. Samples were prepared by diluting the cell-free supernatant, in the eluent 
(H2SO4, 0.01 N), in a 1:50 proportion. All samples were filtered with using VWR centrifuge filters 
(0.2 μm). A standard cultivation curve was constructed using glycerol (Scharlau, 99% w/w) 
solutions as standards, in a concentration ranging from 0.0625 to 1 g/L. 
 
19 
 
2.5.6 PHA Quantification and Composition 
To determine the polymer’s content in the biomass and its monomer composition, gas 
chromatography (GC) analysis was performed, according to Cruz et al., 2016. Dried cell samples 
(1 to 10 mg) were hydrolysed in 2 mL of methanol acidic (20% (v/v) sulphuric acid (SIGMA-
ALDRICH) in methanol (Fisher Chemical)) and 2 mL of benzoic acid in chloroform (1 g/L) (SIGMA-
ALDRICH), on an oil bath at 100˚C, for 4 h. Then, 1 mL of water was added. After separation of 
the organic and aqueous phases, the organic phase, with the resulting methyl esters, was 
transferred to vials and analysed by GC (430-GC, Bruker) with a Restek column of 60m, 0.53 
mmID, 1 μM df, Crossbond, Stabilwax. The injection volume was 2.0 μL, with a running time of 
32 min, a constant pressure of 14.50 psi and helium as carrier gas. The heating ramp was 0 to 3 
min, a rate of 20˚C/min,until 100˚C, 3 to 21 min a rate of 3˚C/min until 155˚C and 21 to 32 min a 
rate of 20˚C/min until 220˚C. Mcl-PHA (VersaMerTM PHAs, PolyFerm Canada) standards were 
prepared at 1 g/L and then diluted to give concentrations in the range 0.05 and 1 g/L. 
 
2.5.7 EPS quantification 
For EPS quantification, the cell-free supernatant was dialysed against deionised water, according 
to Freitas et al., 2011, with slight modifications. For this process, dialysis membranes (ZelluTrans 
Carl Roth, MWCO 12000 - 14000) with 4 mL of supernatant, were placed in a 5 L beaker with 
deionised water, under constant stirring. Sodium azide (10 ppm) was added to the water to 
prevent biological contamination and sample degradation. The water was changed every two to 
three hours during the day. Before every water change a sample was collected for conductivity 
measurement. Dialysis was finished after three days, when the dialysis water conductivity was 
the closest to deionised water conductivity (after approximately 72 hours when conductivity was 
lower than 5 μS/cm).  
All samples were collected, frozen at -80 °C and lyophilized for 48 hours at -108 °C. After that, 
they were weighed for EPS gravimetric quantification. 
 
2.5.8 EPS characterisation 
The EPS was characterized in terms of its sugar monomers composition, according to Freitas et 
al., 2011. The samples were prepared by dissolving 5 mg of the lyophilized sample in deionised 
water (5 mL) and hydrolysing them with trifluoracetic acid (TFA) (0.1 mL, 99%), for 2 hours at 
120°C. After cooling down to room temperature, the samples were filtered using VWR centrifuge 
filters (0.2 μm). 
Samples sugar monomers composition was determined by HPLC using a CarboPac PA10 250x4 
column (Dionex) coupled with an AminoTrap 50x4 column (Dionex). The analysis was performed 
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at 25 ºC with sodium hydroxide (NaOH, 18 mM) as eluent, at a flow rate of 1 mL/min. D-(-)-
arabinose (99%, Sigma), L-rhamnose monohydrate (99%, Fluka), D-(+)-galactose (99%, Fluka), 
D-(+)-glucose anhydrous (99%, Scharlau), Sucrose (99%, Fluka), D-(-)-fructose (99%, Scharlau), 
D-(+)-mannose (99%, Fluka), D-(+)-trehalose dehydrate (99%, Alfa Aesan), D-glucuronic acid 
(98%, Alfa Aesan) and D-(+)-galacturonic acid monohydrate (97%, Fluka), were used as 
standards (5 to 50 ppm). 
 
 
 
2.6 Calculus 
The active biomass (𝑋, g/L) was determined by the following equation: 
𝑋 = 𝐶𝐷𝑊𝑡 − 𝑃𝐻𝐴𝑡                                                                                                                   Eq. 1 
where CDW is the cell dry weight concentration (g/L) at a certain time t (h) and PHA is the 
concentration (g/L) of mcl-PHA at that time t (h). 
 
The specific cell growth rate (µ, h-1) was determined by the following equation: 
µ = 𝐿𝑁 (
X𝑡
𝑋0
)                                                                                                                                                                                     Eq. 2 
where LN is natural logarithm, X𝑡 is active biomass concentration (g/L) at a certain time t (h) and 
𝑋0 is active biomass concentration (g/L) at the beginning of fermentation. 
 
The mcl-PHA volumetric productivity (𝑟𝑃HA, g/L∙h) and EPS volumetric productivity (𝑟EPS, g/L∙h) 
were determined by the following equations: 
𝑟𝑝 𝑃𝐻𝐴 =
𝑑𝑃𝐻𝐴
𝑑𝑡
                                                                                                                            Eq. 3 
𝑟𝑝 𝐸𝑃𝑆 =
𝑑𝐸𝑃𝑆
𝑑𝑡
                                                                                                                             Eq. 4 
where 𝑃HA is the mcl-PHA concentration (g/L) produced at time t (hours) and EPS is the EPS 
concentration (g/L) produced at time t (hours). 
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The yields of active biomass on substrate (𝑌𝑥/𝑠, g/g), mcl-PHA on substrate (𝑌𝑝ha/𝑠, g/g) and 
EPS on substrate (𝑌eps/𝑠, g/g) were determined by the following equations: 
𝑌 𝑥/𝑠 = 
x f−x i
sf−si 
                                                                                                                              Eq. 5 
𝑌 PHA/𝑠 = 
PHA f−PHA i
sf−si 
                                                                                                                   Eq. 6 
𝑌 EPS/𝑠 = 
EPS f−EPS i
sf−si 
                                                                                                                     Eq. 7 
where xf and xi are the final and initial active biomass concentration, s𝑓 and s𝑖 are the final and 
initial substrate, PHA𝑓 and PHA𝑖 are the final and initial mcl-PHA produced, EPS𝑓 and EPS𝑖 are the 
final and initial EPS produced, respectively. 
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3.1. Pseudomonas chlororaphis cultivation: Bioreactor assays and Nutrients 
concentration tests 
 
3.1.1 Standard conditions assay 
In order to study the phenazines production by Pseudomonas chlororaphis, it was cultivated on a 
fed-batch mode, for 44 hours in a 2 L bioreactor with medium E* and glycerol (40 g/L) as carbon 
source. 
Phenazines production is growth associated and is regulated by the quorum sensing (QS) 
mechanism, achieving the maximum production in the end of the exponential phase (Chincholkar 
and Thomashow, 2013; Bauer et al., 2016). Therefore, the bioreactor inoculation was made taking 
this in consideration and the lag and early exponential phases took place overnight. 
Figure 3.1 shows the glycerol (A) and nitrogen (B) consumption, both compared with cell dry 
weight (CDW) concentration over cultivation time. Figure 3.1.C shows the production profile of 
the three products associated to P. chlororaphis: phenazines, mcl-polyhydroxyalkanoates (mcl-
PHA) and exopolysaccharide (EPS). 
The growth of P. chlororaphis ended after 14 hours (Figure 3.1), when nitrogen concentration 
become 0 g/L, limiting the growth of the bacteria. At this time, a CDW of 4.33 g/L was achieved 
with a μmax of 0.229 h-1. A phenazines amount of 3.19 OD365nm were reached and nearly 10 g/L of 
glycerol were consumed, at a consumption rate of 0.71 g/L∙h. The glycerol was mostly directed 
to cellular growth and phenazines and EPS production, since at that point the accumulated mcl-
PHA was only 0.3% of the biomass content. This content corresponding to a mcl-PHA 
concentration of 0.01 g/L, a yield of 0.001 g/g and a volumetric productivity of 7.1x10-4 g/L∙h. The 
EPS concentration was slightly higher presenting a value of 1.9 g/L, which represent a yield of 
0.19 g/g and a volumetric productivity of 0.14 g/L∙h. 
In order to increase the production of the two biopolymers, after 24 hours of cultivation, a glycerol 
pulse (40 g/L) was fed to the culture and the run was prolonged for more 20 hours. At the end, 
34.03 g/L of glycerol were consumed at a rate of 0.77 g/L∙h. PHA was accumulated inside the cell 
between 14 h and 44 h (Figure 3.1.C), to a content of 14.36%, corresponding to a concentration 
of 1.15 g/L, explaining the CDW still increase to 7.98 g/L, which was partly due to mcl-PHA 
accumulation. This concentration of polymer presents a yield of 0.034 g/g and a volumetric 
productivity of 0.026 g/L∙h. 
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Figure 3.1 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during standard 
assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profiles of phenazines (♦) in OD365nm, mcl-PHA (■) and EPS (X) in 
(g/L). 
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This concentration of accumulated polymer indicate that, at the end of the assay, active biomass 
concentration was 6.84 g/L (Figure 3.1.B). These results suggest that bacteria keep growing, 
even after the concentration of nitrogen reached 0 g/L. However, several bacteria belonging to 
phyla Actinobacteria and Proteobacteria, where Pseudomonas genus is integrated, have genes 
that give them the ability to degrading phenazines (Costa et al., 2015). Since phenazines are 
nitrogen-containing compounds, some bacteria able to degrade this antibiotic, also exhibit the 
capacity to use them as nitrogen and carbon source (Yang et al., 2007; Costa et al., 2015). 
Therefore, seems probable that during this assay, in lack of nitrogen, bacteria started degrading 
their own phenazines to ensure a nitrogen source. 
Figure 3.1.C shows the production curves of both polymers, in which is observed that EPS had a 
higher production from 12 to 20 hours run, being its concentration already 2.5 g/L by that time. 
This polymer reached a concentration of 2.65 g/L, which correspond to a yield of 0.078 g/g and a 
volumetric productivity of 0.06 g/L∙h. During this assay, it is possible to see that phenazines 
amount, CDW, mcl-PHA and EPS concentrations increased, while glycerol concentration 
decreased. Therefore, is reasonable to consider that glycerol was consumed for bacterial growth, 
mcl-PHA accumulation, and phenazines and EPS production. 
 
Figure 3.2 – Picture of the bioreactor with Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 culture, 
during standard assay at 12 h fermentation. 
 
 
After 12 hours of fermentation and until the end of the assay, the culture inside the bioreactor 
presented an orange bright colour (Figure 3.2), that become slightly darker until the end of the 
run. As cited in the introduction section, phenazines produced by Pseudomonas genus presents 
yellow, orange and brick-red colours. Since phenazine-1-carboxylic acid (PCA) originate the 2-
Hydroxyphenazine-1-carboxylic acid (2-OH-PCA), which originates the 2-Hydroxyphenazine (2-
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OH-PHZ) (Delaney et al., 2001), it is expected that the orange pigment results of a combination 
of this different molecules, instead of being produced by only one phenazine derivate. 
The results obtained by absorbance reading (Figure 3.1.C), show that a near maximum value of 
phenazines (3.82 OD365nm) was achieved in the end of exponential phase, at 12 hours run. In the 
following hours of fermentation, as the culture started to enter in stationary phase, the amount of 
phenazines in fermenter stays practically the same until the end of the run. This information 
suggest that bacteria start the production of phenazines during exponential phase. Bauer et al. 
(2016), described a similar pattern of phenazine production that goes along with cellular growth. 
This pattern seems be explained by other results of that study, since that the quorum sensing 
(QS) signal molecules in study, namely acyl homoserine lactones (AHLs), reached a maximum 
at the end of the exponential phase and decrease until the end of the assay. These results are 
not quantitative, but represent the amount of this compound and show that exist a dependence 
between cellular concentration and phenazine production. 
 
 
3.1.2 Impact of nitrogen and carbon concentration on P. chlororaphis cultivation 
As mentioned in introduction, phenazines are compounds that are controlled by QS. Therefore, 
its production should be higher with an increase of QS signal molecules induced by a higher 
cellular growth. Since nitrogen is an important element to bacterial growth, but can also negatively 
affect this growth depending on the quantity that is supplemented (Treseder, 2008), the next step 
was test the best nitrogen concentration to improve P. chlororaphis growth. 
Along with nitrogen, carbon is also a very important nutrient that can limit bacterial growth 
(Treseder, 2008). Furthermore, as cited in introduction, this element is a vital nutrient for PHA 
accumulation. Therefore, the best carbon concentration for P. chlororaphis growth was also 
tested. 
 
3.1.2.1 Effect of Nitrogen-concentration – shake flask tests 
Eight different nitrogen concentrations (0.7 g/L; 1.4 g/L; 2.1 g/L; 2.8 g/L; 3.5 g/L; 4.2 g/L; 4.9 g/L; 
5.6 g/L) were tested. These tests were performed in 500 mL baffled shake flasks, for 66 hours, in 
duplicate. Figure 3.3.A and 3.3.B shows the OD and phenazines amount, respectively, achieved 
in all fermentations. 
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Figure 3.3 – (A) OD at 66 hours run of nitrogen-concentration test; (B) phenazines amount at 66 hours run 
of nitrogen-concentration test. 
 
 
By looking at OD values obtained in the experiments (Figure 3.3.A), it is possible to observe that 
cultures with standard and 6-fold nitrogen concentrations, (0.7 and 4.2 g/L, respectively), 
presented quite different values among duplicates. Despite that, the runs that presented lower 
OD values were the standard and 2-fold concentrations (0.7 and 1.4 g/L, respectively).  
In the remaining tests, OD600nm values ranged between 17.2 and 18.4, which indicate quite similar 
cellular growth. In these runs, the cultures that presented the higher growth, i.e. higher values of 
OD, were the ones with 4 and 5-fold concentration (2.8 and 3.5 g/L, respectively) tests. In table 
3.1, is also visible that the changes in N concentrations did not affect the specific growth rates, 
since μmax values are almost equal in all runs. 
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Table 3.1 – Specific growth rates (μmax (h-1)) for the different nitrogen concentration tested. 
 
Beyond cellular growth, phenazines production was also evaluated, since it is a growth associated 
metabolite. Consequently, phenazines protocol was performed over all samples taken at 66 hours 
run, and in figure 3.3.B, is possible to compare all the values acquired from the absorbance 
reading (OD365 nm). It is possible to observe that despite the similar growth and μmax (h-1), the 
higher amount of phenazines was achieved with a 5-fold nitrogen concentration (3.5 g/L). On the 
other hand, phenazines amount was lower in all runs with N concentrations higher than 5-fold. 
 
3.1.2.2 Effect of Glycerol concentration – shake flask tests 
After increasing the N concentration for 3.5 g/L, the effect of different glycerol concentrations was 
evaluated. 
In this assay, runs were performed for 67 hours, in 500 mL baffled shake flasks with 200 mL of 
medium E*, containing 16.5 g/L concentration of (NH4)2HPO4. Four different concentrations of 
glycerol (40 g/L, 60 g/L, 80 g/L and 100 g/L) were tested and compared with standard conditions, 
all in duplicates. Figure 3.4.A and 3.4.B presents the OD and phenazines amount, respectively, 
achieved in all the concentrations tested. 
In this assay, the highest OD, corresponding to the highest cellular growth, was achieved in the 
run with 40 g/L of glycerol and 3.5 g/L of nitrogen (Figure 3.4.A). Further, it is possible to observe 
that the increase in the glycerol concentration affects negatively the bacteria metabolism (Figure 
3.4.A), by decreasing the cellular growth, achieving lower OD, as well as lowering specific growth 
rates (μmax) (Table 3.2). 
By comparing standard with the remaining tests, it is perceived that once more the nitrogen 
concentration of 3.5 g/L lead to a higher cellular growth than standard nitrogen concentration. 
 
 
 
Parameter 
Nitrogen concentration (g/L) 
0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 
μmax (h-1) 0.116 0.125 0.124 0.132 0.133 0.122 0.116 0.113 
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Figure 3.4 – (A) OD at 67 hours run of glycerol-concentration test; (B) phenazines amount at 67 hours run 
of glycerol-concentration test. 
 
 
Phenazines production was evaluated once again (Figure 3.4.B). This time, the OD365nm values 
show that the amount of phenazines produced goes along with cellular growth (Figure 3.4.A), 
being the run with glycerol concentration of 40 g/L, the one that presented better results. 
 
Table 3.2 – Specific growth rates (μmax (h-1)) for the different glycerol concentration tested (*Standard - 40 
g/L of glycerol with 0.7 g/L of N). 
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Glycerol concentration (g/L) 
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3.1.3 Bioreactor assay with 3.5 g/L of Nitrogen 
The concentrations of nitrogen and glycerol that showed the best results, in the shake flask tests, 
were selected to perform the next bioreactor fermentation. These concentrations were 3.5 g/L of 
nitrogen and 40 g/L of glycerol. In order to guarantee nitrogen availability across the experiment, 
the base used for pH control was changed from NaOH to NH4OH. 
Therefore, a fed-batch fermentation was performed during 46 hours in a 2 L bioreactor with 
medium E*., with 16.5 g/L of (NH4)2HPO4, 40 g/L of glycerol as carbon source and NH4OH as 
base for pH control. After a lag phase of 6 hours, P. chlororaphis entered in the exponential growth 
phase that lasted around 16 hours (Figure 3.5). At 13 hours run, the culture inside fermenter start 
to acquire the orange colour already mentioned in standard assay. Once again, this colour 
become slightly darker until the end of the run. 
Around the 22 hours of run, culture entered in stationary phase. This run was performed with 5-
fold initial concentration of nitrogen and the pH controlled with NH4OH, enabling nitrogen 
availability across all the runs (Figure 3.5.B) which enabled to achieve a CDW at the end of 
exponential phase of 9.73 g/L, which is a higher cellular growth than the one achieved at the end 
of the standard assay (7.98 g/L). During the exponential phase, the culture presented a μmax of 
0.131 h-1, which is lower than the one presented by standard assay. Further, biomass kept 
increasing until 12.21 g/L (Figures 3.5.A and 3.5.B).  
Since this assay start with 3.5 g/L of nitrogen and the pH was controlled with NH4OH, is 
complicated to take for sure the quantity of nitrogen that was consumed during this run just with 
the data displayed in Figure 3.5.B. However, values taken from the bioreactor controller, point to 
a enter of 3.63 g/L of nitrogen during the run, which suggest a consumption of 2.72 g/L of nitrogen.  
At 22 hours run, P. chlororaphis seemed to have consumed all of glycerol. Due to that reason, a 
30 g/L glycerol pulse was added to the bioreactor. 
Phenazines production increased relatively to production obtained in the standard conditions run. 
The maximum value, achieved at 22h run, was 5.78 OD365nm. Although, this value start to 
decrease when the culture entered in stationary phase, and at the end of the assay the 
phenazines amount measured was 2.41 OD365nm (Figure 3.5.C). In 2015, Chen et al. indicate that 
reduced phenazines presents lower absorption values in UV-vis analysis than before reduction. 
Phenazines could be reduced by obtaining two electrons (Sullivan et al., 2011), whom could be 
released during ammonia oxidation. Therefore, this decrease in phenazines amount could be 
explained by the presence of a higher concentration of ammonia in the fermenter.  
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Figure 3.5 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during 5-fold N 
assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profile of phenazines (♦) in OD365nm and mcl-PHA (■); final 
concentration of EPS (X) in (g/L). 
 
 
0
1
2
3
4
5
6
0 5 10 15 20 25 30 35 40 45
0
1
2
3
4
5
P
h
e
n
a
z
in
e
s
 (
O
D
3
6
5
n
m
)
Fermentation time (h)
m
c
l-
P
H
A
 a
n
d
 E
P
S
 (
g
/L
)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
0
5
10
15
20
25
30
35
40
0 5 10 15 20 25 30 35 40 45
C
D
W
 (
g
/L
)
G
ly
c
e
ro
l 
(g
/L
)
Fermentation time (h)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
0
1
2
3
4
5
0 5 10 15 20 25 30 35 40 45
A
c
ti
v
e
 B
io
m
a
s
s
 (
g
/L
)
N
it
ro
g
e
n
 (
g
/L
)
Fermentation time (h)
34 
 
Related to the PHA production, at 27 hours of fermentation, the culture had accumulated 41.89% 
of its weight in mcl-PHA, corresponding to a concentration of 4.39 g/L. This value is 4 times higher 
than the mcl-PHA accumulated in the run performed with standard conditions (1.11 g/L), resulting 
in a volumetric productivity of 0.162 g/L∙h.  
EPS concentration at the end of the run was 1.55 g/L. This concentration means a volumetric 
productivity of 0.034 g/L∙h, being these values lower than the ones achieved in standard assay. 
 
Table 3.3 – Kinetic and stoichiometric parameters for all the different bioreactor experiments  performed in 
this study. 
 
 
 
 
 
 
 
 
 
Parameter 
Standard 
assay 
5-fold N assay Batch assay 
DO-glycerol 
assay 
DO-20 assay 
NH4OH-base 
assay 
Bacterial strain 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
Carbon source Glycerol Glycerol Glycerol Glycerol Glycerol Glycerol 
Fermentation mode Fed-batch Fed-batch Batch Fed-batch Fed-batch Fed-batch 
CDW (g/L) 7.98 12.21 11.60 9.01 10.41 15.29 
Phenazines (OD365nm) 3.99 5.78 3.98 4.80 5.48 6.05 
Active Biomass (g/L) 6.84 7.64 7.84 8.05 7.34 6.86 
𝑌 𝑥/𝑠 (gBiomass/gsubs) 0.195 0.115 0.264 0.214 0.158 0.100 
PHA (%) 17.24 41.89 32.41 10.62 29.50 55.13 
PHA (g/L) 1.11 4.39 3.76 0.96 3.07 8.43 
𝑌 PHA/𝑠 (gPHA/gsubs) 0.034 0.081 0.128 0.026 0.066 0.148 
𝒓𝒑 𝑷𝑯𝑨 (g/L∙h) 0.026 0.162 0.078 0.020 0.068 0.211 
EPS (g/L) 2.67 1.55 2.40 1.18 1.33 3.80 
𝑌 EPS/𝑠 (gEPS/gsubs) 0.072 0.025 0.082 0.032 0.029 0.071 
𝒓𝒑 𝑬𝑷𝑺 (g/L∙h) 0.056 0.034 0.049 0.025 0.029 0.101 
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3.1.4 Batch fermentation assay 
Taking into consideration that maximum phenazines amount was achieved at the end of 
exponential phase, and the biopolymers production was not so much increased after the pulse 
addition, it was performed a Pseudomonas chlororaphis cultivation on a batch mode, in a 2 L 
bioreactor. Nitrogen initial concentration was halved to 1.75 g/L and glycerol initial concentration 
was 40 g/L to allow mcl-PHA accumulation. Once more, NH4OH was used as base for pH control.  
In this assay, the culture did not present a lag phase and entered in stationary phase after 14 
hours of exponential phase (Figure 3.6). During this phase the μmax value was 0.200 h-1, which 
was higher than in previous assay (0.131 h-1). Therefore, the stationary phase and the orange 
colour inside the fermenter were reached faster than it was in the assay with 3.5 g/L of Nitrogen. 
At the end of exponential phase, CDW concentration was 9.7 g/L and almost 8 g/L of glycerol had 
been consumed at a rate of 0.57 g/L∙h. At that time, the amount of phenazines was 3.98 OD365nm. 
This value was the highest of the assay, but lower than the amount reached in the previous run, 
with 5 times more nitrogen concentration (5.78 OD365nm) and similar to the one achieved in the 
standard assay (3.99 OD365nm). Once again, phenazines amount decrease until the end of the 
run. On the other hand, the concentrations of mcl-PHA and EPS were 1.04 g/L and 0.55 g/L, 
respectively (Figure 3.6.C). 
After that, the assay continued for 30 hours more, consuming 21.46 g/L of glycerol at a rate of 
0.71 g/L∙h.  CDW achieved a concentration of 11.6 g/L, from which 32.41% was mcl-PHA. 
Therefore, the active biomass concentration, at the end of the run, was 7.84 g/L (Figure3.6.B) 
with a yield of biomass on glycerol (YX/S = 0.264). 
The mcl-PHA concentration was 3.76 g/L, which was lower than the one reached in the assay 5-
fold nitrogen (4.57 g/L), however higher than the concentration achieved in the standard (1.11 
g/L). This concentration of polymer presents a yield of 0.128 g/g and a volumetric productivity of 
0.078 g/L∙h. In contrast to mcl-PHA, EPS reached a concentration of 2.4 g/L, that is a higher 
concentration than the one achieved in previous assays, but similar to the concentration achieved 
by Meneses (2017) (Table 3.4). These values correspond to a YEPS/S of 0.082 g/g and a volumetric 
productivity of 0.049 g/L∙h. These values of rp are lower than the achieved in the standard assay 
and higher than the ones achieved in the run with 3.5 g/L of nitrogen. 
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Figure 3.6 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during batch 
assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profile of phenazines (♦) in OD365nm, mcl-PHA (■) and EPS (X) in 
(g/L). 
 
 
0
1
2
3
4
0 5 10 15 20 25 30 35 40 45
0
1
2
3
4
P
h
e
n
a
z
in
e
s
 (
O
D
3
6
5
n
m
)
Fermentation time (h)
m
c
l-
P
H
A
 a
n
d
 E
P
S
 (
g
/L
)
0
2
4
6
8
10
12
0
5
10
15
20
25
30
35
40
0 5 10 15 20 25 30 35 40 45
C
D
W
 (
g
/L
)
G
ly
c
e
ro
l 
(g
/L
)
Fermentation time (h)
0
2
4
6
8
10
12
1
2
3
4
5
0 5 10 15 20 25 30 35 40 45
A
c
ti
v
e
 B
io
m
a
s
s
 (
g
/L
)
N
it
ro
g
e
n
 (
g
/L
)
Fermentation time (h)
37 
 
The results obtained with this approach presented higher EPS production, but lower phenazines 
production and mcl-PHA accumulation than the previous run. Moreover, despite the availability of 
nitrogen and glycerol across the experiment results were not improved, hence other feeding 
strategy was evaluated. 
 
3.1.5 Dissolved Oxygen controlled with glycerol 
As mentioned in introduction, glycerol is a carbon source that stimulate phenazines production 
and mcl-PHA accumulation (Tan et al., 2014). In the attempt to provide more carbon to the culture 
without slowdown its metabolism, a new feeding strategy was planned. During fermentation, 
stirring speed controlled dissolved oxygen (DO) at 30 %, however when the initial glycerol finished 
the DO start to increase for values above 30%. Therefore, strategy used was, when the 
exponential phase ending, DO was controlled by the automatic addition of glycerol. It was also 
decided to use 3.5 g/L of initial nitrogen concentration and 40 g/L of glycerol, since phenazines 
production was much higher using these conditions. Therefore, a fed-batch fermentation in a 2 L 
bioreactor, with medium E*, containing 16.5 g/L of (NH4)2HPO4, 40 g/L of glycerol as carbon 
source and NH4OH as base for pH control, was performed.  
After 2 hours fermentation, the culture entered in exponential phase (Figure 3.7.A). The µ value 
was 0.247 h-1, which was higher than all of others assays. At the end of the exponential phase 
the DO start increasing and for 2 hours, until 14 hours run, the DO control system was changed 
a few times between stirring speed and glycerol adding. After that, the system seemed to be 
adding low quantities of glycerol in order to control the DO at 30%. However, all the 250 g of 
glycerol available for DO control enter in the bioreactor in 12 h.  
At the end of the exponential growth phase (14h) the CDW was 7.39 g/L. At the same time, the 
maximum amount 4.80 OD365nm of phenazines were achieved. This value is similar to the ones 
achieved in the previous assays (Table 3.3). However, as in the other assay with high nitrogen 
concentration available, during stationary phase the amount of phenazines measured decrease.  
During the rest of the assay the CDW concentration increased for 9.01 g/L, from that 8.05 g/L 
were active biomass (Figure 3.7.B) corresponding to a yield of 0.214 gCDW/gglyecrol. On the other 
hand, mcl-PHA concentration was very low (0.96 g/L), as well as the EPS production, which 
reached a concentration of 1.18 g/L. These lowest biopolymers concentration achieved could be 
related with the high glycerol concentration (134 g/L) presented in the medium during the 
stationary phase, which may have slow down the culture metabolism.  
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Figure 3.7 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during DO-
glycerol assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profile of phenazines (♦) in OD365nm, mcl-PHA (■) and EPS (X) in 
(g/L). 
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3.1.6 Dissolved Oxygen controlled at 20% 
As was already mentioned, bacteria increase the production of some defence products, such as 
EPS, under stress conditions (Vijayendra and Shamala, 2013; Ates, 2015). Hence, in order to 
test the impact of suboptimal conditions in P. chlororaphis metabolites production, the 
fermentation was designed in order to promote the culture growth in a medium with less 10% of 
available air. Therefore, the DO was controlled at 20% of air saturation by adjusting aeration to 
1.7 SLPM and automatically adjusting the stirring speed between 250 and 700 rpm. The fed-batch 
fermentation was performed during 45 hours in a 2 L bioreactor with medium E*, with 16.5 g/L of 
(NH4)2HPO4, 40 g/L of glycerol as carbon source and NH4OH as base for pH control.  
In this assay, the lag phase lasted for 6 hours. After that, the culture entered in exponential phase, 
which ended at 25 hours of fermentation. At this time, the CDW achieved by the culture was 9.15 
g/L and nearly 31 g/L of glycerol had been consumed at an average consumption rate of 1.24 
g/L∙h. Providing a yield of 0.295 gCDW/gglycerol. By that time, the concentrations of mcl-PHA and 
EPS were 1.82 g/L and 1 g/L, respectively (Figure 3.8.C). The specific growth rate was 0.117 h-1 
(Figure 3.8.A), which is a lower value than all others presented in previous assays. Therefore, it 
seems that the decrease of available O2 lead to a lower specific growth rate of P. chlororaphis. In 
1971, Maclennan et al., also verified that oxygen limitation led to a decline in growth rate of a 
bacterium from Pseudomonas genus. 
After that, a 30 g/L glycerol pulse was fed to the bioreactor and the run continued for more 22 
hours. During that time, more 15.26 g/L of glycerol were consumed at an average consumption 
rate of 0.69 g/L∙h. In the end, CDW concentration was 10.41 g/L, being 29.5% of that weight in 
mcl-PHA accumulation. Therefore, active biomass concentration at the end of the run was 7.34 
g/L (Figure 3.8.B) and presented a yield of 0.158 gbiomass/gglycerol.  
At 11 hours run, the bioreactor started to exhibit the orange colour characteristic of this culture. 
Although, the maximum value of phenazines amount was only achieved at 23 hours run 5.48 
OD365nm (Figure 3.8.C). This antibiotic amount was quite lower than the maximum amount reached 
on the assay with 3.5 g/L of nitrogen. However, the major difference this time, is that the amount 
of this compound did not decrease as much as in that assay. At the end of fermentation, 
phenazines amount in DO-20% assay was more than twice the amount of the assay with 5-fold 
nitrogen concentration at the same time.  
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Figure 3.8 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during DO-20 
assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profile of phenazines (♦) in OD365nm, mcl-PHA (■) and EPS (X) in 
(g/L). 
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In the end of cultivation, mcl-PHA concentration was 3.07 g/L, which was lower than the one 
reached in nitrogen assay (4.39 g/L) (Table 3.3). This concentration of polymer presents a yield 
of 0.066 g/g and a volumetric productivity of 0.068 g/L∙h. Regarding EPS production, it was 
achieved 1.33 g/L, which was also lower than the concentration achieved in the 5-fold nitrogen 
concentration and batch assays (1.55 and 2.40 g/L, respectively). This concentration of EPS 
corresponds to a yield of 0.029 g/g and a volumetric productivity of 0.029 g/L∙h of this polymer, 
which are under the range of those obtained in the assay with 3.5 g/L of nitrogen. Therefore, the 
lower availability of oxygen in the cultivation medium did not promote metabolites production by 
P. chlororaphis. 
 
 
3.1.7 Ammonium Hydroxide-base assay 
In the attempt to increase the production of mcl-PHA, without affect as much as possible the 
phenazines production, and taking into consideration the results of the previous experiments, a 
new fermentation strategy was planned. In order to provide non-limiting conditions of nitrogen to 
promote a higher growth of the culture, ammonium hydroxide (NH4OH) was kept for pH control. 
However, initial (NH4)2HPO4 concentration was changed to 3.3 g/L, which correspond to the initial 
standard nitrogen concentration (0.7 g/L). Since bacteria synthesize PHAs under nutrient 
limitation such as oxygen, nitrogen or phosphorus, and they do not accumulate PHAs in their 
growth phase (Mozejko-Ciesielska et al., 2019; Ward et al., 2005), this change was made in the 
attempt to direct the culture to mcl-PHA accumulation after cellular growth, due to limitation of 
phosphorus. 
A fed-batch fermentation was performed during 40 hours in a 2 L bioreactor with medium E*, 40 
g/L of glycerol as carbon source and NH4OH as base for pH control. At 18 hours run, a 40 g/L 
glycerol pulse was added. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
42 
 
 
 
 
 
 
 
        
 
 
 
       (A) 
 
 
 
 
 
 
 
       
 
 
 
       (B) 
 
 
 
 
 
 
 
       
 
 
 
       (C) 
 
Figure 3.9 – Cultivation profile of Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 during NH4OH-
base assay. (A) CDW (●) and glycerol concentration (▲) in (g/L); (B) Active biomass (●) and nitrogen 
concentration (-) in (g/L); (C) production profile of phenazines (♦) in OD365nm, mcl-PHA (■) and EPS (X) in 
(g/L). 
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In this assay, P. chlororaphis entered in stationary phase after 14 hours run (Figure 3.9). A CDW 
of 11.05 g/L and nearly 20 g/L of glycerol were consumed at an average consumption rate of 1.43 
g/L∙h. The glycerol was mostly directed to cellular growth and phenazines production, since at 
that point the concentration of accumulated mcl-PHA was 0.57 g/L. The EPS concentration was 
slightly higher presenting a value of 1.38 g/L (Figure 3.9.C). 
After the absorbance reading, was possible to see that phenazines amount reached a maximum 
value of 6.05 OD365nm, at 12 hours run (Figure 3.9.C). By this time, the culture already exhibited 
an orange colour. This time the orange colour was more intense than in any other bioreactor 
(Figure 3.10). This colour became a little darker and intense until the end of the run, as it is 
possible to see in cell-free samples (Figure 3.11). 
 
Figure 3.10 – Bioreactor with Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 culture, during 
NH4OH -base assay, at 14 h fermentation. 
 
After 19 hours of cultivation, a 40 g/L glycerol pulse was added to the culture and the assay was 
prolonged for more 21 hours. At the end, 57 g/L of glycerol were consumed at an average glycerol 
consumption rate of 1.43 g/L∙h. Subsequently, CDW still increased to 15.3 g/L, which was partly 
due to mcl-PHA accumulation that reached 55.13%. This implicate an active biomass 
concentration of 6.86 g/L (Figure 3.9.B), which provided a cellular growth yield of 0.100 g/g. At 
the end of the assay, mcl-PHA concentration was 8.43 g/L. This concentration of polymer 
presents a yield of 0.148 g/g and a volumetric productivity of 0.211 g/L∙h., The other produced 
polymer, EPS, had a concentration of 4.02 g/L, which correspond to a yield of 0.071 g/g of and a 
volumetric productivity of 0.101 g/L∙h. 
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Figure 3.11 – Cell-free samples taken from the bioreactor with Pseudomonas chlororaphis subsp. aurantiaca 
DSM 19603 culture, during NH4OH-base assay. (A) at 0 hours run; (B) at 14 hours run; (C) at 40 hours run. 
 
The NH4OH-based assay strategy enabled to reach the best results about cellular growth, 
phenazines, mcl-PHA and EPS production (Table 3.3). The phenazines amount in this assay, not 
only was the highest, as it was reached faster (14 hours run) than the amount achieved in the 5-
fold N assay (22 hours run). In relation to mcl-PHA, this study exhibited the highest concentration 
of polymer and the highest volumetric productivity. The EPS concentration achieved was also the 
highest (4.02 g/L), as well as volumetric productivity. 
The results achieved in this run are better than the ones achieved by other authors reported in 
the literature, for P. chlororaphis strains (Table 3.4). Muhr et al. (2013), used saturated biodiesel 
fractions (SFAE) as sole carbon source and achieved a cellular concentration much higher (42.2 
g/L) than the one achieved in this study, but the mcl-PHA content of the cells was much lower 
(15.2%). A mcl-PHA content of 45% was achieved by Yun et al., 2003, using palm kernel oil (PKO) 
as sole carbon source, however, cellular concentration was very low (3.3 g/L).  
By comparing these results with a previous work performed by Meneses, 2017 with the same 
bacteria, is possible to conclude that in this study, were achieved higher concentrations of the two 
polymers produced by P. chlororaphis. The phenazines amount was slightly higher as well. 
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Table 3.4 – Kinetic and stoichiometric parameters for NH4OH-base assay performed in this study compared 
to other studies that use P. chlororaphis strains to mcl-PHA production; (values with * were estimated based 
on the values given in the literature; value with ** was recalculated with the same phenazines protocol 
performed during this study; SFAE – saturated biodiesel fractions; PKO – palm kernel oil). 
 
  
Parameter NH4OH-base assay Pereira, 2016 Meneses, 2017 Muhr et al., 2013 Yun et al., 2003 
Bacterial strain 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM 19603 
P. chlororaphis 
DSM-50083 
P. chlororaphis 
HS21 
Carbon source Glycerol Glycerol waste Glycerol SFAE PKO 
Fermentation mode Fed-batch Fed-batch Fed-batch Fed-batch Batch 
CDW (g/L) 15.29 9.35 13.58 42.20 3.30 
Phenazines (OD365nm) 6.05 - **5.38 - - 
Active Biomass (g/L) 6.86 *8.42 10.95 *35.79 *1.81 
𝑌 𝑥/𝑠 (gBiomass/gsubs) 0.100 0.30 0.20 0.66 0.62 
PHA (%) 55.13 10.00 19.00 15.20 45.00 
PHA (g/L) 8.43 0.93 2.64 *6.41 1.49 
𝑌 PHA/𝑠 (gPHA/gsubs) 0.148 0.03 0.05 0.10 - 
𝒓𝒑 𝑷𝑯𝑨 (g/L∙h) 0.211 0.02 *0.05 0.14 0.07 
EPS (g/L) 3.80 - 2.40 - - 
𝑌 EPS/𝑠 (gEPS/gsubs) 0.071 - 0.04 - - 
𝒓𝒑 𝑬𝑷𝑺 (g/L∙h) 0.101 - *0.05 - - 
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3.2 Composition of mcl-PHA accumulated by P. chlororaphis 
The mcl-PHA monomer composition was evaluated by gas chromatography. Although all samples 
have been analysed, in table 3.5 are represented the monomer composition of the last sample of 
each assay. 
All samples of mcl-PHA presented in their composition the same 5 monomers: 3-hydroxyhexanoate 
(3HHx), 3-hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDd) and 3-
hydroxytetradecanoate (3HTd). By comparing the monomers percentage of each experiment, the 
major difference between them is the composition of mcl-PHA obtained in standard assay, which 
presents a considerable percentage of 3HHx, an insignificant quantity of 3HDd and more than 
half of this polymer is composed by 3HD. On the other hand, the remain four polymers exhibit an 
insignificant percentage of 3HHx, and the main part of their composition is the monomer 3HDd. 
The 5-fold N and NH4OH-base assays presented an mcl-PHA monomer composition very similar 
(Table 3.5). 
 
Table 3.5 – Mcl-PHA monomer composition (%) of the last sample of each assay of this study, compared to 
other studies that use P. chlororaphis subsp. aurantiaca DSM 19603 to mcl-PHA production. 
 
 
The main difference between the cultivation of the standard mcl-PHA to the other ones was that 
in standard fermentation the concentration of the nitrogen source hit the 0 g/L. Therefore, results 
suggest that the mcl-PHA composition, and consequently its properties, can be modified by 
varying the nutrient composition/ concentration of cultivation medium. These results could be 
supported by the study performed by Hong et al., 2000, where the monomers composition of mcl-
Assay 
Monomers (%) 
3HHx 3HO 3HD 3HDd 3HTd 
Standard 5.0 24.6 51.0 0.8 18.6 
5-fold N 0.7 5.4 25.2 65.0 3.7 
Batch 1.0 8.1 26.3 60.1 4.5 
DO-glycerol 0.2 5.3 14.0 78.1 2.4 
DO-20 0.8 7.1 21.3 67.7 3.1 
NH4OH-base 0.7 5.7 27.6 61.5 4.5 
Meneses, 2017 3 17 50 13 17 
Pereira, 2016 6.1 26.9 54.1 13 - 
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PHA produced by Pseudomonas mendocina 0806 and Pseudomonas pseudoalkaligenus YSl, 
was successfully affected by C:N molar ratio in the cultivation medium. These changes in 
monomers composition occur especially in heteropolymers, which is the category where mcl-PHA 
produced by Pseudomonas chlororaphis subsp. aurantiaca DSM 19603 is integrated. 
By comparing the results of this work with Meneses, 2017 and Pereira, 2016, is perceived that 
the composition of mcl-PHA of these two studies was similar to the composition of mcl-PHA from 
standard assay. Once again, this could be explained by C:N molar ratio in the cultivation medium. 
In both of these studies, during stationary phase, the base used to control pH was NaOH. 
Therefore, it seems that nitrogen concentrations inside the fermenters in these two studies were 
lower than in all assays of this work, with exception to standard assay. 
Since mcl-PHA is a polymer that shows different properties depending on its monomer’s 
composition, the ability of changing its composition is a real added value. 3HHx polymers, when 
in significant proportions (>10%) can maximize toughness and elongation at break without severe 
loss in tensile strength (Lim et al., 2013). Even better is a polymer with higher 3HDd percentage 
(>30%), since presents remarkable change in mechanical properties, becoming normal elastic 
materials that are not sticky (Liu and Chen, 2007). 
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3.3 Characterisation of EPS produced by P. chlororaphis 
To understand the sugar composition of the EPS produced by P. chlororaphis, the samples were 
hydrolysed and analysed by HPLC. The chromatogram obtained from that analysis is shown in 
figure 3.12. 
 
Figure 3.12 – Chromatogram of an EPS sample produced by Pseudomonas chlororaphis subsp. aurantiaca 
DSM 19603 from glycerol. 
 
From the chromatogram, only four major peaks were identified. Glucose, that was the main sugar 
monomer of the EPS in all sample, appearing at retention time RT=10.86 min. Glucosamine, 
appearing at retention time RT=7.84 min. Rhamnose, appearing at retention time RT=9.66 min. 
And the last one, mannose, appearing at retention time RT=11.93 min. It was not possible to 
identify the other peaks. The composition of each EPS sample with the identified sugar is in table 
3.6. 
By look at table 3.6, is possible to perceived that the sugar composition of each sample of this 
work does not present significant differences and in contrast to mcl-PHA, seems not be changed 
by nitrogen and carbon concentrations. In all samples, the identified sugar in higher percentage 
is glucose, being that most of the polymer remain undefined. The sugars identified on the EPS 
samples of this work are the same that were identified in Meneses, 2017 study.  
The available information about EPS secreted by P. chlororaphis strains is very limited. An 
extracellular polymer produced by P. chlororaphis NRRL B-2075 containing alginate was 
identified by Fett et al., 1996. Despite major differences, the mentioned EPS exhibit two 
similarities with the one produced during this work: the presence of neutral sugars such as 
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mannose in a range between 1 and 14%, and the presence of hexosamines (glucosamine sugar 
kind).  
In 2018, Mi Cho et al. also mentioned an EPS produced by a P. chlororaphis strain. However, by 
the date that the work was published, the extracellular polymer composition was not known. 
Nevertheless, it was anticipated the possibility of this EPS also contain alginate, like the EPS 
produced by Pseudomonas aeruginosa. 
 
Table 3.6 – EPS monomer sugar composition (%) of the last sample of each assay of this study. 
 
 
 
 
 
  
Assay 
Sugar (%) Undefined 
(%) Glucosamine Rhamnose Glucose Mannose 
Standard 2.34 0.6 14.95 0.86 81.25 
5-fold N 10.46 3.17 28.49 3.79 54.09 
Batch 3.93 1.16 25.46 1.84 67.61 
DO-glycerol 1.20 0.37 9.60 0.38 88.45 
DO-20 1.68 0.59 33.44 1.78 62.51 
NH4OH-base 18.52 5.05 26.14 4.72 45.57 
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3.4 Conclusions and Future Work 
P. chlororaphis is able to co-produce phenazines, mcl-PHA and EPS, using glycerol as carbon 
source. Phenazines production are growth associated, ending or slowing down when the culture 
entered in stationary phase. On the other hand, biopolymers (mcl-PHA and EPS) production occur 
during the stationary phase, under nutrient limiting conditions. The production of the 3 products 
was affected by the fermentation conditions, namely nitrogen and glycerol concentration, and 
dissolved oxygen.  
P. chlororaphis achieved the highest phenazines production and the highest mcl-PHA and EPS 
concentrations (8.43 and 3.8 g/L, respectively), as well as volumetric productivities, in fed-batch 
cultivation using 40 g/L glycerol, 0.7 g/L nitrogen and controlling the pH with ammonium 
hydroxide.  
The mcl-PHA was composed of five monomers: 3-hydroxyhexanoate (3HHx), 3-
hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDd) and 3-
hydroxytetradecanoate (3HTd). 3HDd was the monomer present in higher amount in almost every 
mcl-PHA sample, but the amount of each monomer varied with the cultivation conditions. The 
monomer composition achieved seems to guarantee desirable properties to the mcl-PHA. 
Therefore, their detailed characterization and properties evaluation should be performed. 
Regarding EPS, the other polymer produced by P. chlororaphis, it was composed of glucosamine, 
rhamnose, glucose and mannose. The EPS has to be characterized about its physicochemical 
properties, such as molecular weight.  
The mechanisms that make the culture direct its metabolism to produce either one or another 
polymer need to be better understood. Nevertheless, it seems that the carbon source 
concentration and limitation of phosphate, are some of the reasons that may influence. Hence, 
tests are required to confirm these hypotheses.  
Phenazines production was measured by a spectrophotometric method. Therefore, quantitative 
tests should be performed in order to ensure the real quantity of phenazines in the fermenter. The 
phenazines produced by P. chlororaphis are described to have some very interesting properties, 
such as antibiotic, antiviral or anticancer agent. It would also be interesting to try to purify and, 
perhaps, find new areas where they can be applied. 
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Appendix 1 – Phenazines scan. 
 
Figure 5.1 – Phenazines scan performed over the sample taken during NH4OH-base assay, at 14 
hours run. 
 
 
